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ABSTRACT
Acoustic performance of an airfoil can be improved with the serrated leading or trailing edge.
A sawtooth plate is one of the serration shapes. In this study, the effect of sawtooth plate
thickness on the aerodynamically generated noise in wake-sawtooth plate interaction at a
Reynolds number of 150 is numerically investigated. Two types of sawtooth plate thickness
hthick=0.2D and hthin=0.02D are investigated. Flow simulations are carried out using direct
numerical simulation and the noise calculations are solved using Curle’s equation. It is found
that the wake-plate interaction is more prominent for the thicker plate. Consequently, the
generated aerodynamic force is bigger for thick plate than the thin plate. Sound generated
from the thin plate is approximately 0.34 dB lower than the thick plate. For the sound that is
due to the quadrupole source gives ± -70 dB.
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1. INTRODUCTION
Noise generation in airfoil is of concerns in many engineering applications, such as aircraft,
submarine, and wind turbine. An airfoil in a turbulent flow experiences a fluctuating lift
which has been proven by previous studies including Arbey & Bataille [1] and Migliore &
Oerlemans [2], to radiate sound to the far-field. This fluctuating lift is a result of the unsteady
pressure field produced by the airfoil in response to the turbulence. Principally, the sound
generation takes place at both leading edge (LE) and trailing edge (TE) of the airfoil. The LE
noise, or in some case, it is often referred to the airfoil-turbulence-interaction (ATI) noise, can
be dominant if the airfoil is subject to a high intensity turbulence. Migliore & Oerlemans [2]
reported up to 24 dB higher noise levels from the LE when flow with an impinging turbulence
intensity of It =0.09. While on the other hand, the TE noise is said to be dominant when the
upstream turbulence is low. The wake, tip-vortex, surface boundary layer, and transition of
laminar and turbulent are among the playing factors in the TE noise generation mechanism
[3].
Methods in reducing noise generation of the airfoil have been proposed by many ways. They
can be classified into the source control and radiation control methods. Serrations structure
applied at the LE have the ability to function in both methods. The LE serration is a biomimetic control method that takes the idea of the comb-like-fringe on the front margin of the
owls' feathers. These serrations are supposed to be involved in the noise reduction during the
owls' flight [4,5,6]. The earliest to propose this idea is Graham [7] who suspects that the main
function of the LE comb is to locally reduce the velocity of the incoming flow and,
additionally to deflect the flow so that it meets the leading edge under a smaller angle. The LE
comb affects the boundary layer from the upstream making it to become turbulent, thus
prevent the acoustically unfavorable processes [8]. Regarding the acoustic effect, as the flow
is kept attached due to the serrations presence, the boundary layer thickness is affectively
reduced, leading to a reduced noise generation at the TE as discussed in Lilley [3]. Also, the
generation of streamwise vortices from the LE serrations reduces the coherence of the wake
and several studies have shown evidence of this streamwise vortex formation [9]. Due to
varying locations of separation along the spanwise direction, the separation line becomes
interrupted and this lessen the coherence of vortex shedding in the wake hence leads to
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suppression of tonal vortex shedding noise from the airfoil [10].
In owls' case, Weger [6] has provided improved description on how the size and shape as well
as the occurrence of serrations, vary between different owl species. In summary, a serration
configuration (if based on the owls' natural structure), must consist of detached barb tip,
bending of the tip as well as the serration length. Most current studies [11,12] have serrations
wavelength and amplitude as their parameter to investigate noise reduction. A good agreement
is found as the detached barb tip can refer to the serration tooth, while serration amplitude can
refer to the serration length. Until current state, the smaller the serration wavelength and the
bigger the serration amplitude would result in best noise reduction [11, 13, 14], while most
investigations proved the effectiveness of LE serrations, or the best LE serrations
configuration in reducing airfoil noise, very few study highlights on the physics and
mechanism behind how the noise can be reduced.
What is not well known is, how every single serrations' sawtooth plays its role in noise
reduction and how among the saw teeth of serrations correlate and interact to perform noise
reduction mechanism as a whole. Therefore, current study is an early step to discover the
physics behind noise reduction promoted by the LE serrations. This study focuses on a single
sawtooth and the flow physics behind the noise generation alteration. The study is held in low
Reynolds number for easier understanding at this early stage of discovery.

2. NUMERICAL PROCEDURE
The aerodynamic noise calculation starts with simulating a low Reynolds number (Re=150)
laminar flow using the DNS (Direct Numerical Simulation) method. Using this flow
simulation, the sound source (in this case the time gradient of the lift force) is obtained. After
the sound source is obtained, the sound propagation is then calculated using the Curle's
equation [15].
The primitive variables of the flow fields are governed by the incompressible threedimensional Navier Stokes euations:

+𝑢

=−

+

ν

+

(1)
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where subscripts 𝑖 and 𝑗 both equal to 1,2,3. Here 𝑥 , 𝑥 and 𝑥 denote streamwise, crossstream and spanwise directions, respectively. 𝑈 , 𝑈 and 𝑈 are the corresponding velocity
components; 𝑢′ depicts the fluctuating part of the velocity; 𝜌 is the density of the fluid and 𝑝
represents the fluid pressure. The open source computational fluid dynamics (CFD) code
OpenFOAM is used for simulating the flow. The temporal term is discretized using second
order backward scheme and the convection term is discretized using second order QUICK
scheme.
The sound propagation is estimated by the equations from the Lighthill acoustic analogy [16]

−𝑐 ∇

(𝜌 − 𝜌 ) =

(𝑥, 𝑡)

𝑇 = 𝜌𝑢 𝑢 − 𝜏 + δ ((𝑝 − 𝑝 ) − 𝑐 (𝜌 − 𝜌 ))

(3)
(4)

Eq. (3) is an inhomogenous wave equation derived from rearrangement of Navier-Stokes
equations. 𝑇 is Lighthill's stress tensor, where the first term at the right hand side of Eq. (4)
(𝜌𝑢 𝑢 ) is the Reynolds stress tensor; 𝜏 denotes viscous stress, δ is Kronecker delta, 𝜌
and 𝑝 are the instantaneous density and pressure, respectively. Subscript `0' represents the
ambient pressure.
In the current study, considering a compact body presents in the flow (i.e. the square
cylinder), the free-field Green's function is used to solve the Lighthill's equations [16]. As the
dimension of the body is very small compared to the wavelength i.e. ratio of wavelength to
body dimension is 88.2 as according to author in previous investigation [17], the sound source
are assumed compact. In the case of a compact, fixed, and rigid body, emission time variation
along the body can be neglected. Hence, 𝑟 ≈ |𝐱|. Therefore, taking 𝑃 as pressure, 𝑦 as the
point on the rigid surface, and instantaneous force 𝐹 of fluid on the body (i.e. lift and drag) as
𝐹 (𝑡 ) ≈ ∫ [𝑃 ]

the Curle's solution for a fixed rigid compact body is

𝑛 𝑑𝑆(𝑦)

(5)
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𝑑𝑉 −
𝑑𝑉 −

(6)

3. COMPUTATIONAL DOMAIN
Fig. 1 shows the domain size taken in the calculation. The square cylinder upstream the
sawtooth plate acts as vortex generator. Distance between the square and sawtooth plate is 4D.
Top and bottom boundaries are 10D and downstream boundary is 15D away from the
sawtooth plate. The upstream, top and bottom boundaries are defined as inlet boundaries
where the velocity is fixed to a constant free stream value (Dirichlet BC) and zero pressure
gradient (Neumann BC). The outlet boundary is 15D downstream the cylinder, where the
boundary conditions are opposite that of inlet (i.e. zero velocity gradient and pressure fixed at
zero).

Fig.1. Sketch of computational domain

4. AERODYNAMIC RESULTS
Fig. 2 shows unsteady aerodynamic forces coefficients for both thin and thick plates. It can be
noticed that the drag oscillates at approximately twice the frequency of the lift because each
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vortex shed from the sawtooth plates causes the same change in drag but opposite change is in
lift. This behavior is found the same as compared to the results of a circular cylinder with a
splitter plate and bluff body in a tandem arrangement [18].

Fig.2. Fluctuations of lift and drag force coefficients acting on (a) thick and (b) thin sawtooth
plate.

The root-mean-square of the lift force coefficient 𝐶 ′, mean of drag force 𝐶 and Strouhal
number 𝑆𝑡 of both cases are shown in Table 1. The 𝐶 ′ and 𝐶

of the thin sawtooth is lower

than those of thick one. This can be explained based on the wake-plate interaction. As the
plate becomes thinner, the velocity fluctuations around it, is reduced and consequently the
surface pressure fluctuations decrease. Hence, the lift force acting on the plate is lower due to
this wake-plate interaction. Magnitude of mean drag force is also lower in thin plate case.
Drag force is lower due to the separated flow region is shrunk as the aspect ratio (ratio of
length over the thickness) of the plate is longer. The same has been found in Prasath et al.
[19]. Strouhal number 𝑆𝑡 = 𝑓𝐷/𝑈

is a non-dimensional representation of the vortex

shedding frequency 𝑓, while 𝐷 and 𝑈 depict streamwise length of the plate and the velocity
of free stream, respectively. Comparing the values of
higher frequency of vortex shedding.

𝑆𝑡

for both cases, the thin plate has
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Table 1. Global parameters
Case

Plate thickness,

𝐶′

𝐶

St

Thick

0.2D

0.294

0.196

0.171

Thin

0.02D

0.244

0.100

0.195

Fig. 3 shows the power spectrum density (PSD) of the forces (lift and drag) fluctuations. 𝑥axis is showing the vortex shedding frequency and the y-axis is showing the power amplitude
of lift signals from the square cylinder. In both cases, a series of peak that is harmonic with
the vortex shedding frequency (𝑓 , 3𝑓 , 5𝑓 … 𝑛𝑓 ) is observed. These appearances can be
attributed to the linear interaction between the von Karman vortex of the square cylinder with
the sawtooth plate in the wake [20].

Fig.3. PSD of lift and drag force fluctuations of (a) thick sawtooth and (b) thin sawtooth plate

Fig. 4 shows contours of instantaneous vorticity magnitude at identical time when the lift is at
maximum as well as the streamline showing averaged velocity in both cases. As mentioned
previously, the square cylinder placed 4D upstream the sawtooth acts as the vortex generator.
From Fig. 4(a) and 4(b), the vortex shedding generated from the square interferes with the
presence of the sawtooth plate, thus the formation of a coherent vortex from the shear layers
of square is prevented. Consequently, the vortices then undergo a process of stretching caused
by the viscous effect on the surface of the sawtooth plate. After impingement on leading edge
of the plate, the vortex remains attached on the leading edge and it is simultaneously stretched
by the accelerating flow about the sawtooth plate. This stretching process splits the vortex that
allows a weaker vortex system to form downstream of the plate. This type of vortices is
named the transverse vortices according to their shedding direction.
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Fig.4. Vorticity contour −3 ≤ 𝜔𝐷/𝑈 ≤ 3 and streamline at middle cross section of
sawtooth plate (a) and (c) thick sawtooth. (b) and (d) thin sawtooth plate.

Fig.4 (c) and 4(d) show the streamline of averaged velocity. A recirculation region is formed
in the wake of the square cylinder. As we can observe the saddle point is in the gap between
the plate and square cylinder. The shear layers shed from both sides of square cylinder has
reattached on the downstream of square cylinder.
On the other hand, the sawtooth plate can be studied in analogy to delta wing, whose it can be
said to induce the counter rotating vorticity. Fig. 5(a) shows the counter-rotating vortices in
delta wing flow from Chen et al. [21]. This type of vortices is attributed as the noise reduction
mechanism in Chen et al. [21]. However, as in present studies, no counter-rotating-vortices
are observed in the flow. Fig. 4(b) shows types of vortices present in current study.

Fig.5. Types of vortices.

The pressure contour showed in Fig. 6 can be related with the forces magnitude experienced
by the sawtooth plate. High pressure region on the thick sawtooth plate case is bigger than
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that of the thin plat case. This exactly explains the higher lift and drag forces acting on the
thick sawtooth plate. Furthermore, the dipole noise generated from the flow can also be
related with this pressure contour.

Fig.6. Pressure contour at middle cross section of sawtooth plate.

5. AEROACOUSTIC RESULTS
Aeroacoustic noise calculation is done using the Curle's theory. They can be classified
according to their directivity nature and source of noise, i.e. the Dipole noise from the force
fluctuations and the Quadrupole noise from the Reynolds stress.
Using Eq. (6) from Curle's Theory of Acoustics, the dipole sound directivities are calculated.
Fig. 7 shows sound contour for both combined sound generated due to lift and drag forces.
Sound waves radiates more in the direction of 90 from the free stream the emitted sound.
This is agreed with directivity results, i.e. sound due to lift is dominated the dipole sound
radiation. As it goes further from the sound source, sound pressure contour level decreases.

Fig.7. Dipole sound pressure contour due to both lift and drag forces.
The PSD of sound from the fluctuating forces is shown in Fig. 8. From the figure, it is
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observed that the dominant contribution to the radiated tone is a source that is coherent with
the force applied on the sawtooth plate. The sound is harmonic. Combined sound from the lift
and drag forces is represented in black dotted line. The dipole sound is dominated by the
fluctuating lift in the directivity. According to the magnitude of the dipole, the sound from
thick plate has not much difference than from the thin plate.

Fig.8. PSD of sound due to Lift, Drag and the combination. Blue lines: Lift sound. Red dotted
lines: Drag sound. Black dotted lines: Combined sound.

Aerodynamic sound generated from flow is also emitted as a quadrupole in form. This study
calculates the quadrupole noise using the second term of Eq. (6). From the equation, we can
understand that the sound that is transmitted quadrupolar in form is sourced from the
Reynolds stress 𝜌𝑢′ 𝑢′ . The 𝜌𝑢′ 𝑢′ is a major component in the Lighthill stress tensor 𝑇 .
Fig. 9 shows the fluctuations of quadrupole sound at middle plane. Again, thin plate generated
quadrupole sound approximately 11.43 dB lower than that of thick plate. However, the
magnitude of the quadrupole sound is not that dominating if compared with that of dipole
sound. Quadrupole sound is 𝒪 (10 ) while dipole sound is 𝒪(10 ). Thick plate is -65.15
dB and thin plate is -76.59 dB. Decibels are a unit of a logarithmic scale. In current study
case, reference sound pressure is 2 × 10

[Pa]. Thus the negative decibel values of

quadrupole sound shows that it is lower relative to the reference sound pressure value.
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Fig.9. Fluctuations of quadrupole sound due to turbulent structures of the flow form (a) thick
and (b) thin sawtooth plate.

Fig. 10 shows the Reynolds stress contour i.e. the major source of quadrupole noise
generation. Reynolds stress is observed a little stronger in its intensity in the thick sawtooth
plate case. Thus, this proves that the higher quadrupole noise magnitude is for the thicker
plate.

Fig.10. Reynolds stress contour at middle cross section at (a) thick and (b) thin sawtooth plate.

6. CONCLUSIONS
The flow and sound behavior of a single sawtooth plate has been numerically investigated
using direct numerical simulation for the sound sources and acouctis analogy for the sound
propagation. Two thicknesses (0.02D and 0.2D) of the plate are used. Flow results show the
presence of three types of vortices for both thicknesses - (1) Transverse vortices (2) Spanwise
vortices (3) Tip vortices. However, the aerodynamic forces acting on the thicker plate is
bigger than the thinner plate. This is due to the stronger wake-plate interaction for the thicker
plate than the thinner plate. Thick plate it 0.34 dB louder than the thin plate. For both plate
thicknesses, the radiated sound is dominated by the fluctuating force (dipole sound source)
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order of magnitude smaller than

the dipole sound source.
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